• Increasing order of oxidation potential ∝ decreasing order of the energy of HOMO.
Introduction
The electrochemical behaviour of Fischer carbene complexes has attracted much attention in the last decade. Electrochemical analyses of group 6 Fischer carbene complexes reported includes Fischer carbene complexes of the metals chromium(0) [1] [2] [3] molybdenum(0) [4, 5] and tungsten(0) [6, 7] . In a recent study by our group [6] , it was shown that the phosphinesubstituted Fischer ethoxy carbene complexes of tungsten(0) are more electrochemically active than the non-substituted pentacarbonyl tungsten(0) Fischer ethoxycarbene complexes [(CO) 5 WC(OEt)(Ar)] complexes for Ar = 2-thienyl and 2-furyl [7] . Altering the R-groups of the phosphine ligand (PR 3 ) from Ph to OPh, showed to have a negligible effect on the electrochemical behaviour, while substitution of the ethoxy-group on the carbene carbon with various amine substituents [6] showed a marked effect on both the metal oxidation potential (0.08 -0.19 V) as well as the carbene ligand reduction potential (0.30 -0.52 V). It was also found that the order of oxidation (and reduction) for monocarbene complexes containing a monomeric heteroarene substituent, a dimeric heteroarene substituent or biscarbene complexes connected with a heteroarene spacer substituent is the same, namely 2-thienyl > 2-furyl > 2-(Nmethylpyrrolyl) [8] . To this end we were interested to see whether the electrochemical properties and reactivity patterns of phosphine-and arsine-substituted Fischer carbene complexes of W (0) are similar and also if arsine-substituted Fischer carbene complexes of W(0) containing different heteroarene substituents show the same order of oxidation as previously reported. Therefore, we report here the electrochemical and theoretical study of four novel triphenylarsine-substituted 
Synthesis
The complexes were synthesized according to classical Fischer methodology [9, 10] and literature procedures [11, 12, 13, 14, 15, 16, 17] . Bulk purity was confirmed with high resolution mass spectroscopy. Characterization data are given below.
cis-[(AsPh 3 )(CO) 4 WC(OEt)(C 4 H 3 S)] (1)
Yield (37%). 
DFT calculations
Density functional theory (DFT) calculations of this study were performed with the hybrid functional B3LYP [22, 23] (20% Hartree-Fock exchange) [24] and the as implemented in the Gaussian 09 program package [25] . Geometries of the neutral complexes were optimized in gas phase with the triple-ζ basis set 6-311G(d,p) on all atoms except W, where def2-TZVPP [26] was used. Energies reported are gas phase electronic energies.
Results and Discussion

DFT study
A density functional theory (DFT) computational chemistry study was done to gain will influence the ease of reduction. Indeed, for the three heteroarenes of this study, rate studies have shown that the order of reactivity towards electrophiles was found to be: N-methylpyrrole > furan > thiophene. The degree of reactivity was determined more by electron availability than degree of aromaticity [27] . This trend seems to indicate that N-methylpyrrole is the best electron donating substituent and thiophene the worst of the three heteroarenes. The better -acceptor ability of CO over arsine and carbene ligands is clear from the HOMO of 1 in Figure 2 where no visual -back bonding to arsine or the carbene carbon is observed, contrary to the visual -back bonding to the CO groups. 
Electrochemical study
We report here the electrochemical behaviour of triphenylarsine-substituted Fischer ethoxycarbene complexes of W(0). The cyclic voltammograms (CVs) of carbene complexes 1-4
at scan rates 0.050 -0.300 V s -1 are given in Figure 3 , scan rates 0.050 -5.000 V s -1 in Figure S1 (supplementary Information) and the data summarized in Table 1 .
The DFT study presented above, in agreement with previously published results [6, 7] ,
shows that the first oxidation process observed for 1-4 can be ascribed to the oxidation of the [17]. The cis isomers are generally more stable, although it was possible to isolate the trans isomer for related phosphine-substituted Fischer ethoxy carbene tungsten (0) complexes [6, 11] .
Upon dissolving the isolated cis complexes of 1-4 in dichloromethane or chloroform, only 3
formed small amounts of the trans isomer in solution as observed on TLC and NMR spectroscopy. Thus, in solution, mainly cis, but also the trans isomer is observed only for 3. This is consistent with the CVs of 1-4 where only the CV of 3 shows the oxidation of the trans isomer in addition to the oxidation of the cis isomer. The first oxidation peak is assigned to the oxidation of the trans isomer, since DFT calculated energy of the HOMO of the trans isomer is less stable (higher energy) than the HOMO of the cis isomer, see Table 1 . An electron will thus be more easily removed (oxidation) from the higher energy HOMO of the trans isomer, than from the lower energy, more stable, HOMO of the cis isomer, implying that the trans isomer will be more easily oxidized at a lower potential.
The reduction process is ascribed to the one electron reduction of the carbene carbon, as described in the DFT section above, as well as for related carbene complexes of tungsten [6, 7, 28] . The reduction process of 1-2 is enhanced at higher scan rates, with a peak current separation, ΔE, of 0.070-0.075 V. This implies that the radical anion that forms upon reduction is stabilized long enough on the timescale of the CV to be oxidized back to the neutral complex.
The reduction process of 3 is irreversible at all scan rates.
The first reduction process of 4 is reversible with a peak current ratio i pa /i pc of 0.4-0. indicates that the second reduction also predominantly involves the carbene carbon atom and the heteroarene ring system, see Figure 4 .
Peak currents of the CVs at different scan rates of 1, 2 and 4 are given in Table 2 . Since the oxidation peaks of the oxidation wave (peak a in Figure 3 ) and the reduction peaks of the reduction wave (peak b in Figure 3 ) of complexes 1-4 have true Nernstian shapes, the RandlesSevcik equation
(n = the number of exchanged electrons, A = electrode area (cm 2 ), D = diffusion coefficient (cm 2 s -1 ), C = bulk concentration (mol cm -3 ) of the electroactive species [29] ), can be applied to the oxidation peak a and the reduction peak b. The peak current ratios, i pa,ox (peak a) /i pc,red (peak b) , is thus indicative of the amount of electrons involved in the oxidation process of peak a relative the reduction process of peak b. The peak current ratios, i pa,ox /i pc,red , given in Table 2 for 1, 2 and 4 indicate a two-electron transfer (or most likely two closely overlapping one electron transfer) for the oxidation process relative to a one electron reduction process. This result is in agreement with results obtained on related Fischer carbene complexes [6] and results of Licandro et. al. [28] for a series of five alkoxy-, amino-and hydrazinocarbene complexes of tungsten, who also proposed a two-electron metal-based oxidation process for the first oxidation. It is not possible to determine reliable peak current ratios, i pa,ox /i pc,red , for complex 3 due to the overlapping of the oxidation of the cis and trans isomers. The oxidation potential of the AsPh 3 -containing complexes 1-3 is ca 0.300 V lower than that of the related pentacarbonyl complexes [(CO) 5 WC(OEt)(Ar)] (Ar = 2-thienyl (1), 2-furyl (2), 2-(N-methyl)pyrrolyl (3)) [8] , see Figure 5 and Table 1 . This is expected, since the AsPh 3 is a weaker -acceptor ligand than CO [30] , see Figure 2 . More electron density is thus donated to five CO groups from W in 1-3 than to four CO and one AsPh 3 group in 1-3. W is thus more electron-poor in the pentacarbonyl complexes 1-3 and more difficult to oxidize (oxidize at a higher more positive potential). The influence on the reduction potential is less pronounced, the reduction potential of 1-3 is 0.100 -0.160 V lower than that of 1-3. This is expected, since the reduction is not metal-based. However, the oxidation and reduction potentials of 
This is exactly the same order observed for the pentacarbonyl complexes Oxidation of a complex involves the removal of electron(s) from the HOMO of the neutral complex. The ease of oxidation or the oxidation potential from a theoretical point of view is thus related to the DFT calculated energy of the HOMO, E HOMO , of the neutral complex. Less energy or a lower experimental oxidation potential is needed to remove an electron from a higher energy HOMO (such as complex 3) than an electron from a lower more stable energy HOMO (such as complex 1), see Figure 6 . In evaluating the energies of the HOMOs of complexes 1-4 in Figure 6 , we observe that E HOMO increases in going from complex 1 to 4 to 2 to 3, exactly the opposite (expected) order as the increase of the oxidation potential of these complexes. The same expected inverse trend is observed for other Fischer carbene complexes containing a carbene ligand of the type =C(OEt)(Ar) with Ar = 2-thienyl, 2-furyl or a 2-(N-methyl)pyrrolyl given in Table 1 , see Figure 7 (a).
The ease of electrochemical reduction (the reduction potential) relates to the DFT calculated energy of the LUMO, E LUMO , of the neutral complex, the orbital the electron is added to upon reduction. An electron is more easily added to a lower (more stable) energy LUMO, such as the LUMO of complex 4, than to the higher energy LUMO of complex 3. Thus, a less negative reduction potential is associated with the reduction of complex 4 relative to that of complex 3. The order of the increase of E LUMO for complexes 1 -4 is: 4 < 1 < 2 < 3, and the order of decrease of the reduction potential, Epc (red), is 4 > 1 > 2 > 3. This inverse trend is found to be consistent for all the complexes given in given in Table 1 , see Figure 7 (b). Table 1 for the complex numbering.
Conclusions
An electrochemical study showed that the order of metal oxidation and carbene carbon 
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Density functional theory (DFT) calculations of this study were performed with the hybrid functional B3LYP [1, 2] as implemented in the Gaussian 09 program package [3] . Geometries of the neutral complexes were optimized in gas phase with the triple-ζ basis set 6-311G(d,p) on all atoms except W, where def2-TZVPP [4] was used. Energies reported are gas phase electronic energies. 
